Introduction {#sec1}
============

Lanthanide (Ln)doped nanocrystals (NCs) have been investigated for various applications in the past decades.^[@ref1]−[@ref3]^ It is commonly assumed that the size of the inorganic host NC does not affect the optical properties, since the transitions of Ln^3+^ ions are localized within the 4f inner orbitals which are shielded by the 5s and 5p orbitals. However, spatial confinement effects can be introduced by phonons when reducing the size to the nanoscale, since phonons are delocalized. In the phonon spectrum for nanoparticles, there is a cutoff for low energy acoustic phonon modes which shifts to higher energies for smaller NCs and for energies just above the cutoff energy discrete acoustic phonon modes arise.^[@ref4]−[@ref7]^ The absence of resonant acoustic phonon modes can inhibit direct one-phonon relaxation processes between closely spaced energy levels. This phenomenon is known as the phonon bottleneck.^[@ref8],[@ref9]^ Next to Ln-doped NCs, the presence of a phonon bottleneck has also been reported for discrete electronic states in quantum dots.^[@ref8],[@ref10]−[@ref12]^ Phonon bottleneck effects are only expected to be observed at low temperatures where relaxation to lower energy levels occurs by emission of one resonant phonon (known as the direct process). At higher temperatures, when higher energy phonon modes are thermally populated, two-phonon processes take over and absorption and emission of two phonons of slightly different energy can make up the small energy difference between closely spaced energy levels. Two-phonon relaxation processes are much more efficient than direct relaxation but do require thermal energy, since higher energy phonon modes must be occupied. Note that the phonon bottleneck explained above is different from phonon bottleneck effects extensively reported in the literature in e.g. ruby.^[@ref13]^ For this type of phonon bottleneck, excitation in a higher electronic energy level causes a nonequilibrium population of phonon modes resonant with the energy difference between electronic states. This gives rise to stronger emission from the higher energy level than expected based on a Boltzmann distribution. This observation is similar as for the phonon bottleneck that is the topic of the present work, but the reason is not the absence of resonant phonon modes but a high nonequilibrium occupation of resonant phonon modes.

In this report, we focus on the role of the phonon bottleneck in Ln-doped NCs generated by the cutoff of low energy acoustic phonon modes and the presence of discrete phonon modes in the acoustic phonon spectrum on direct relaxation rates to the lowest Stark level. For Ln-doped NCs, cutoff energies in the acoustic phonon spectrum have been reported to be 8 cm^--1^ for 11.6 nm Eu~2~O~3~ NCs,^[@ref7]^ 25 cm^--1^ for 10 nm Y~2~O~2~S:Er^3+^ NCs,^[@ref14]^ and 30 cm^--1^ for 2.5 nm NaGdF~4~ NCs,^[@ref15]^ and discrete phonon modes up to 200 cm^--1^ for 10 nm Y~2~O~2~S:Er^3+^ NCs^[@ref14]^ have been reported. Clearly, the cutoff energies for ∼10 nm NCs are comparable with the energy separation between Stark levels of Ln-doped NCs.^[@ref16],[@ref17]^ Based on the cutoff energy and the fact that above the cutoff the phonon spectrum is not a continuum but consists of discrete energies, one can expect reduced nonradiative relaxation rates between Stark levels because of the absence of phonon modes resonant with the energy difference between Stark levels. As a result, extra emission and excitation lines from upper Stark levels should be observed at cryogenic temperatures in the spectra of NCs where relaxation between Stark levels is dominated by the direct process.

Ln-doped NCs have been reported to have different luminescence spectra than bulk material due to the presence of the phonon bottleneck. Tissue et al. have reported the presence of a phonon bottleneck in Ln-doped NCs.^[@ref18]^ They observed the phonon bottleneck in the excitation spectrum of Ln-doped NCs recorded at 12 K and have suggested a storage of population in the ^7^F~1~ level and in low-lying excited states of clustered 4 nm Y~2~O~3~:Eu^3+^ (0.1%) and Eu~2~O~3~ NCs synthesized using the CO~2~-laser-heated gas phase condensation method. The most extensive research on the phonon bottleneck in Ln-doped NCs has been performed by Liu et al.^[@ref14],[@ref19]^ In their work, the presence of the phonon bottleneck for energy gaps up to 200 cm^--1^ in the excitation spectrum of clustered 10--20 nm Y~2~O~2~S:Er^3+^ (2%) NCs synthesized using a flame spray pyrolysis technique has been observed at 2.6 K. In addition, the increase in green to red emission ratio in NaYF~4~:Yb^3+^(20%),Er^3+^(2%) NCs by reducing the size from 47.1 to 5.6 nm has been explained by a phonon bottleneck of optical phonons.^[@ref20]^ However, this observation has been questioned in a later study.^[@ref21]^ The presence of emission lines from upper Stark levels up to 225 cm^--1^ above the lowest Stark level at 80 K in 5 nm Y~2~SiO~5~:Pr^3+^ (0.01%) NCs synthesized by the sol--gel method has been explained by the absence of low-energy phonons and a low phonon density of states.^[@ref22]^ Moreover, hot bands with energies up to 217 cm^--1^ have been observed in the excitation spectra of 10--30 nm by 70--80 nm Gd~2~O~3~:Eu^3+^ (4%) nanotubes synthesized by a hydrothermal method and have been ascribed to phonon bottleneck effects.^[@ref23]^

In the studies mentioned above, the phonon bottleneck has been claimed to be present for energy gaps as high as ∼200 cm^--1^. However, these high energy acoustic phonon modes are not cut off in 10--20 nm nanoparticles. Only low energy acoustic phonon modes are cut off. For this reason, phonon bottleneck effects are only expected for energy gaps up to 50 cm^--1^. Moreover, pulsed laser excitation sources have been used in most studies, which may induce temporary heating of the sample resulting in emission and excitation lines from thermally populated upper Stark levels in Ln-doped NCs. In addition, polydisperse NCs or samples with poorly defined sizes have been used in some studies. This complicates the analysis of the results as confinement effects will strongly vary between crystallites of different sizes. Finally, not all measurements have been performed below ∼7 K, which is required to avoid thermal population of closely separated upper Stark levels. As a result, the presence of the phonon bottleneck in Ln-doped NCs remains uncertain, and a careful study on a well-defined model system is required to provide evidence for the role of phonon confinement in the optical spectra of Ln^3+^ ions in NCs.

In this work, the origin of emission from upper Stark levels in Ln-doped NCs at cryogenic temperatures is investigated. To this end, high resolution emission spectra of monodisperse 10 nm NaYF~4~ NCs and microcrystalline NaYF~4~ powders doped with different Ln^3+^ ions (Er^3+^, Yb^3+^, Eu^3+^) are recorded at cryogenic temperatures (down to 2.2 K) with pulsed and continuous wave excitation sources and at various excitation power densities. Emission from 10 to 50 cm^--1^ higher Stark levels is observed for Er^3+^ and Eu^3+^ at cryogenic temperatures. However, a decrease in relative emission intensity from upper Stark levels is observed when the excitation power is reduced, and no emission from higher Stark levels is observed for the lowest excitation powers. This indicates that heating of the NC samples by the excitation source is responsible for emission from higher Stark levels, not a phonon bottleneck. Based on our experiments, we conclude that phonon bottleneck effects do not affect emission spectra on Ln^3+^ ions in 10 nm Ln-doped NaYF~4~ NCs and that these Ln-doped NCs excited with low excitation powers have the same emission spectra as their microcrystalline analogues. Further research into a role of phonon confinement in Ln-doped NCs remains interesting. Even if the phonon relaxation is not slowed down enough to allow the observation of emission from higher Stark levels, phonon-induced dephasing processes (as measured in photon echo or homogeneous line broadening experiments) may be affected by phonon confinement.^[@ref24],[@ref25]^ The present study shows that in order to establish the role of phonon confinement in Ln-doped nanocrystals, careful measurements on model systems are required and that care has to be taken to rule out an influence of laser-induced heating.

Experimental Section {#sec2}
====================

Chemicals {#sec2.1}
---------

The chemicals used in the various synthesis procedures were NaF (Fluka Analytical, ≥98%), NaOH (Sigma-Aldrich, ≥97%), sodium oleate (TCI, ≥97%), YF~3~ (ChemPur, 99.9%), YCl~3~·6H~2~O (Aldrich, 99.99%), yttrium acetate hexahydrate (Aldrich, 99.9%), ErF~3~ (Highways International, 99.9%), ErCl~3~·6H~2~O (Strem, 99.9%), erbium acetate hexahydrate (Aldrich, 99.9%), EuF~3~ (Highways International, 99.99%), EuCl~3~·6H~2~O (Aldrich, 99.9%), YbCl~3~·6H~2~O (Strem, 99.99%), NH~4~F (Sigma-Aldrich, ≥98.0%), oleic acid (Aldrich, 90%) 1-octadecene (Aldrich, 90%), ethanol (Alfa Aesar, 96%), methanol (Sigma-Aldrich, 99.8%), hexane (Sigma-Aldrich, 95%) and cyclohexane (Sigma-Aldrich, 99.5%). All chemicals were used as received.

Synthesis of Microcrystalline β-NaYF~4~:Ln^3+^ {#sec2.2}
----------------------------------------------

Microcrystalline NaYF~4~ doped with either 0.5% Er^3+^ or 0.3% Eu^3+^ was synthesized by a dry mixture method described by Aarts et al.^[@ref26]^ Stoichiometric amounts of sodium fluoride and lanthanide fluorides (99.5% or 99.7% YF~3~ and 0.5% ErF~3~ or 0.3% EuF~3~) were mixed and ground in an agate mortar. Subsequently, the mixture was fired in an oven together with an excess of NH~4~F under a nitrogen flow. The samples were first heated to 300 °C for 2 h and then to 550 °C for 3 h. After cooling down to room temperature, the samples were crushed in an agate mortar. X-ray diffraction (XRD) measurements were performed to check for phase purity. A second firing at 550 °C for 6 h under nitrogen was performed in case XRD measurements showed the presence of residual reactants. After a second firing, phase pure NaYF~4~ was obtained in all cases.

Synthesis of Nanocrystalline β-NaYF~4~:Ln^3+^ {#sec2.3}
---------------------------------------------

For the synthesis of nanocrystalline NaYF~4~, rare earth oleates were prepared first according to the method described by Park et al.^[@ref27]^ In a typical reaction, 6 mmol of rare-earth chlorides (4.80 mmol yttrium chloride, 1.08 mmol ytterbium chloride, and 0.12 mmol erbium chloride or 5.97 mmol yttrium chloride and 0.03 mmol europium chloride) and 18 mmol sodium oleate were dissolved in a solvent mixture composed of 12 mL ethanol, 9 mL distilled water, and 21 mL hexane. The resulting solution was stirred at room temperature for 2 h. After the reaction was completed, the organic layer containing the rare-earth oleates was washed three times with distilled water. The viscous substance was dried, and a waxy slightly yellow solid was obtained.

The β-NaYF~4~:Yb^3+^(18%),Er^3+^(2%) and NaYF~4~:Eu^3+^ (0.5%) NCs were synthesized using a modification of the method described by Rinkel et al.^[@ref28]^ First, 2 mmol sodium oleate and 1 mmol rare-earth oleate were dissolved in a mixture of 20 mL oleic acid and 20 mL 1-octadecene and degassed at 100 °C for 1 h in a Schlenk line. Next, the system was purged with nitrogen, and the temperature was allowed to drop. At temperatures below 40 °C, 5 mmol NH~4~F was added, and the system was degassed and then refilled with nitrogen three times. The mixture was heated to 300 °C and kept at this temperature for 100 min. After cooling to room temperature, the NCs were precipitated from the reaction mixture by adding ethanol, centrifuging, and removing the supernatant. The white sediment was redispersed in ∼10 mL of cyclohexane. The washing step was repeated twice. In the last purification step, 10 mL oleic acid was added to the NCs in cyclohexane to enhance the ligand density at the NC surface. Next, the mixture was sonicated for 15 min. The NCs were isolated from the mixture by adding ethanol, centrifuging, and removing the supernatant. The white sediment was redispersed in 10 mL cyclohexane.

The β-NaYF~4~:Er^3+^ (0.5%) NCs were synthesized using a method described by Li et al.^[@ref29]^ and Wang et al.^[@ref30]^ First, 4 mmol rare-earth acetates (3.98 mmol yttrium acetate and 0.02 mmol erbium acetate) was dissolved in a mixture of 24 mL oleic acid and 68 mL 1-octadecene and degassed at 110 °C for 90 min in a Schlenk line. Subsequently, the system was purged with nitrogen, degassed three times, and then refilled with nitrogen before the temperature was allowed to drop. At temperatures below 30 °C, 10 mmol NaOH in 10 mL methanol was added, followed by 16 mmol NH~4~F in 28 mL methanol. The reaction mixture was stirred for 16 h to allow the formation of α-NaYF~4~. Next, the excess methanol was removed by heating the reaction mixture to 100 °C under vacuum for 30 min. The system was degassed three times and refilled with nitrogen before heating to 300 °C for 110 min to allow for the growth of β-NaYF~4~ NCs. After cooling, the NCs were isolated from the reaction mixture using the same method as for the β-NaYF~4~:Yb^3+^(18%),Er^3+^(2%) and NaYF~4~:Eu^3+^ (0.5%) NCs.

Characterization and Optical Spectroscopy {#sec2.4}
-----------------------------------------

The purified NC samples were characterized with transmission electron microscopy (TEM). Samples for analysis were obtained by diluting the as-synthesized NCs in dispersion 100 times with cyclohexane and dropcasting the NC solutions on coated copper TEM grids. The TEM images were obtained with a Tecnai 10 microscope equipped with a tungsten filament operating at 100 kV. Images were recorded with a SIS CCD camera Megaview II using iTEM software.

The bulk microcrystalline samples were characterized with scanning electron microscopy (SEM). The samples for analysis were obtained by placing a thin layer of sample on a SEM stub with carbon tape. A 4 nm layer of platina was sputtered on top of the samples. SEM images were obtained with a XL30S FEG microscope operating at 20 kV. Images were recorded using Scandium software.

X-ray diffraction patterns of powder samples were recorded with a PW1729 Philips diffractometer equipped with a Cu Kα X-ray source (λ = 1.5418 Å). Reference diffractograms were taken from the International Center of Diffraction Data (ICDD).

High resolution emission spectra of powders were recorded using an Ekspla NT342B tunable laser exciting in the ^4^I~15/2~--^4^F~7/2~ transition at 483.0 nm for the NaYF~4~:Er^3+^ samples and exciting in the ^7^F~0~--^5^D~2~ transition at 465.2 nm for the NaYF~4~:Eu^3+^ samples (repetition rate 10 Hz, pulse width 6 ns). Typically, the laser was operated at pulse powers corresponding to ∼1 mJ per pulse. The NaYF~4~:Yb^3+^,Er^3+^ NCs were excited in the ^2^F~7/2~--^2^F~5/2~ transition of Yb^3+^ at 980 nm with a MDL-III-980-500 mW continuous wave diode laser. The excitation power was varied by placing reflective neutral density filters (Newport, New Focus, 5212 dual filter wheel) in the laser beam. The emitted light was dispersed with a Triax 550 single emission monochromator (Jobin Yvon, 1200 line grating blazed at 400 nm) and detected with a Hamamatsu R928 detector and a Stanford Research SR400 gated photon counter set with a gate of 50 ms. Timing was controlled with a Stanford Research DG535 pulse generator. The spectral bandwidth of the monochromator was 0.075 nm (2--3 cm^--1^). The samples were cooled to temperatures between 2.2 and 50 K with an Oxford Instruments liquid helium flow cryostat. The samples were immersed in liquid helium for temperatures below 4.2 K. In all experiments, the sample chamber is filled with helium gas or liquid which ensures a good heat transfer from the sample.

Results and Discussion {#sec3}
======================

Characterization {#sec3.1}
----------------

NaYF~4~:Ln^3+^ (Ln = Er(0.5%), Eu(0.5%), or Yb(18%)--Er(2%)) bulk and nanocrystals (NCs) were synthesized by methods previously described in the literature.^[@ref26],[@ref28]−[@ref30]^ The size, shape and monodispersity of the various samples are important, since they determine the cutoff energy of acoustic phonon modes and the discrete acoustic phonon modes in the phonon spectrum. The size, shape, and uniformity of the different samples were studied with electron microscopy. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows a scanning electron microscope (SEM) image of bulk NaYF~4~ and a transmission electron microscope (TEM) image of NaYF~4~ NCs, which are representative for the shape and uniformity of all bulk and NC samples. The bulk sample consists of micrometer sized crystallites as can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The TEM image of the NCs is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The NCs are almost spherical and have sizes of 11.6 ± 1.4 nm for erbium-doped NCs, 11.8 ± 1.3 nm for the europium-doped NCs, and 9.6 ± 0.8 nm for the ytterbium and erbiumcodoped NCs. The NaYF~4~:Yb^3+^,Er^3+^ NCs are slightly smaller than the NaYF~4~:Er^3+^ and NaYF~4~:Eu^3+^ NCs. A possible explanation for the smaller size of the ytterbium--erbium-codoped sample is the total dopant concentration. It has been reported that replacing the yttrium ion with other rare-earth ions can result in different sizes and shapes of the NaYF~4~ end products.^[@ref31]^ In the ytterbium--erbium sample, 20% of the yttrium ions is replaced by dopant ions, while in the erbium and europium sample only 0.5% yttrium ions is replaced, resulting in a smaller size for the Yb-codoped sample.

![(a) SEM image of microcrystalline NaYF~4~:Er^3+^ (0.5%) and (b) TEM image of NaYF~4~:Er^3+^ (0.5%) NCs.](jp-2017-11171x_0001){#fig1}

The crystal structure of both bulk and NCs is an important parameter for understanding the luminescence properties. β-NaYF~4~ crystallizes in the hexagonal structure under ambient conditions. X-ray diffractograms (XRDs) were recorded to study the structure and phase purity of the bulk and NC samples. XRDs of microcrystalline (blue) and nanocrystalline (red) samples are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. A reference diffractogram of β-NaYF~4~ and a reference diffractogram of the sample holder are included in the same figure. The bulk and NC materials show diffraction peaks that are consistent with the hexagonal structure for β-NaYF~4~. The XRDs of most bulk and NC samples do not show a secondary phase. However, for the NaYF~4~:Er^3+^ NC sample, a small fraction of secondary NaF phase is present. Small traces of NaF in the NaYF~4~:Er^3+^ NC sample do not interfere with the luminescence measurements, since Ln^3+^ ions do not easily incorporate in this crystal structure where the trivalent Ln ion would replace a monovalent Na ion. The width of the diffraction peaks is very different for microcrystalline and NC samples. The diffraction peaks for the microcrystalline bulk samples are sharp, consistent with the presence of large micrometer sized crystals. In contrast, the observation of broad diffraction peaks for the NC samples confirms the formation of nanometer sized particles.

![XRD patterns of NaYF~4~ nanocrystals (red) and microcrystalline bulk material (blue). Below reference patterns of the hexagonal β-NaYF~4~ structure (PDF 00-064-0156) and the sample holder are plotted in brown and green, respectively.](jp-2017-11171x_0002){#fig2}

Optical Spectroscopy of NaYF~4~:Er^3+^ {#sec3.2}
--------------------------------------

High resolution emission spectra of micro- and nanocrystalline samples were recorded at low temperatures to investigate the role of the phonon bottleneck in relaxation processes for Ln-doped NCs. The measurement conditions, e.g., temperature, excitation power, and spectral resolution of monochromator, are important. The temperature is essential in the experiments as it determines the phonon occupation of the phonon modes and thermal population of higher Stark levels. The contribution of various relaxation processes, i.e., the one-phonon direct process and the two-phonon processes (e.g., Orbach and Raman), varies in different temperature regimes. The contribution of the direct process dominates at low temperatures.^[@ref32]^ It is this direct relaxation process between Stark levels that can be inhibited for Ln-doped NCs when there are no resonant low energy acoustic phonon modes that can take up the small energy difference between two Stark levels. At higher temperatures, two-phonon processes dominate, resulting in "normal" and fast relaxation behavior yielding in a Boltzmann thermal distribution over the different Stark levels. Consequently, the phonon bottleneck between closely separated Stark levels in Ln-doped NCs can only be observed at low temperatures, e.g., 4.2 K or even below for 10 nm NCs. In addition, thermal line broadening is reduced at low temperatures. As a result, the emission lines originating from different Stark levels, which are typically separated by 10 to 100 cm^--1^, can be better distinguished at low temperatures. In order to detect the distinct emission lines, a high spectral resolution in the emission spectra is needed. In the present experiments a bandpass of 0.075 nm (2--3 cm^--1^) is used as the inhomogeneous spectral width of the emission lines is typically larger than 2--3 cm^--1^. Finally, the power of the excitation source should be sufficient low to prevent laser-induced heating. In order to investigate the influence of the excitation intensity on the luminescence properties of the NCs, emission spectra are recorded with various excitation sources and excitation powers.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows emission spectra of NaYF~4~:Er^3+^(0.5%) bulk recorded in the temperature range between 4.2 and 50 K by exciting into the ^4^F~7/2~ level of Er^3+^ at 483.0 nm (20 704 cm^--1^) with a pulsed laser with peak intensity of 2.0 MW/cm^2^. The emission spectrum recorded at 4.2 K shows sharp emission lines at 18 523, 18 458, 18 428, and 18 390 cm^--1^, which are assigned to the ^4^S~3/2~--^4^I~15/2~ transition. In the bulk sample, only the lowest Stark level of the excited state is populated at 4.2 K according to the Boltzmann distribution. For this reason, the various emission lines correspond to transitions from the lowest Stark level of the excited state (^4^S~3/2~) to the four lowest Stark levels of the ground state (^4^I~15/2~). Note that for the remainder of this report the various Stark levels of the ^2*S*+1^L~*J*~ states are labeled as ^2*S*+1^L~*J*~(*x*), where *x* labels the Stark levels from low to high energy. For example, the Stark level of the ^4^I~15/2~ state with lowest energy is labeled as ^4^I~15/2~(1).

![Emission spectra (λ~exc~ = 483.0 nm, pulsed laser) of NaYF~4~:Er^3+^ (0.5%) showing part of the ^4^S~3/2~--^4^I~15/2~ emission spectrum. (a) Emission spectra for microcrystalline material recorded at various temperatures with peak intensity of 2.0 MW/cm^2^. (b) Emission spectra for nanocrystals recorded at 4.2 K excited with excitation powers ranging from 0.7 to 2.4 mJ per pulse, corresponding to peak intensities ranging from 0.6 to 2.0 MW/cm^2^. (c) Zoom of the area indicated in (b) showing a drop in relative emission intensity from upper Stark levels with decreasing excitation power. The emission intensity of the upper Stark level is approximately 65 times lower than the emission intensity of the main peak for the spectrum recorded with highest excitation intensity.](jp-2017-11171x_0003){#fig3}

The emission spectra of NaYF~4~:Er^3+^(0.5%) bulk recorded at 22 and 50 K show the same emission peaks observed at 4.2 K plus several additional peaks located at 18 577, 18 557, 18 512, 18 495, and 18 484 cm^--1^, as is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. At elevated temperatures, the upper Stark levels of the ^4^S~3/2~ state are thermally populated, and the additional peaks correspond to transitions from these levels to ^4^I~15/2~(*x*) levels. The spectral positions observed for the Er^3+^ emission lines at 22 and 50 K are in good agreement with previous results on the Er^3+^ emission in NaYF~4~:Er^3+^.^[@ref33]^

The ^4^S~3/2~ state splits in a maximum of two doubly degenerate Stark levels, indicating that a maximum of two transitions from the ^4^S~3/2~ state to a ^4^I~15/2~(*x*) level can be present at higher temperatures. However, at least three transitions from the ^4^S~3/2~ state to a ^4^I~15/2~(*x*) level are observed at 22 K. For example, the emission peaks at 18 523, 18 557, and 18 577 cm^--1^ are all assigned to transitions of the ^4^S~3/2~ state to the ^4^I~15/2~(1) level. This suggests the presence of multiple sites in the material. This is consistent with previous reports on Ln-doped NaYF~4~.^[@ref33],[@ref34]^ In the emission spectrum of bulk NaYF~4~:Er^3+^ recorded at 50 K additional emission lines at 18 557 and 18 577 cm^--1^ are observed and assigned to transitions from higher ^4^S~3/2~ levels to the ^4^I~15/2~(1) level. As a result, the energy gaps between the ^4^S~3/2~(1) energy level (18 523 cm^--1^) and these higher ^4^S~3/2~ energy levels are 34 and 54 cm^--1^, respectively. These energy gaps are similar to the energy separations between emission lines involving transitions from ^4^S~3/2~(*x*) levels to other Stark levels of ^4^I~15/2~ state, as is indicated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The spectrum recorded at 50 K shows a small extra emission peak at 18 539 cm^--1^. The energy of this transition is 16 cm^--1^ higher than the ^4^S~3/2~(1)--^4^I~15/2~(1) transition. The transition is not present in the spectrum recorded at 22 K, which indicates that this emission line does not correspond to emission from a ^4^S~3/2~ Stark level 16 cm^--1^ above the ^4^S~3/2~(1) level. Possibly the line corresponds to emission from a ^4^S~3/2~(2) level to a ^4^I~15/2~(2) Stark level for one of the sites.

To investigate the role of phonon bottleneck effects in NaYF~4~:Er^3+^(0.5%) NCs, emission spectra of the nanocrystalline sample were recorded at 4.2 K. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows normalized emission spectra of NCs excited at 483.0 nm (20 704 cm^--1^) with excitation powers varying from 0.7 to 2.4 mJ per pulse, corresponding to peak intensities of 0.6--2.0 MW/cm^2^. Several sharp emission lines are observed, which are assigned to the ^4^S~3/2~--^4^I~15/2~ transition. The emission spectra of the NCs recorded at 4.2 K are similar to the emission spectrum of the bulk sample recorded at 4.2 K. Note that the widths of the emission lines are broader for NCs than for bulk. For example, the emission line at 18 523 cm^--1^ has a full width at half-maximum (fwhm) of 8 cm^--1^ for the bulk sample, while the NC sample has a fwhm of 10 cm^--1^. The broader emission linewidths for NCs is explained by disorder in the NC surface, resulting in small differences in the local coordination of Er^3+^ ions which causes variations in crystal fields and thus in the exact positions of the energy levels for Er^3+^ ions in the NCs.^[@ref35]^ The similarity between emission spectra for bulk and NC samples at 4.2 K indicates that only transitions from the ^4^S~3/2~(1) level to ^4^I~15/2~(*x*) levels are present for the NC sample. No clear emission lines from upper Stark levels of the ^4^S~3/2~ state are observed.

Upon close inspection, a weak feature can be observed on the high energy side of the ^4^S~3/2~(1)--^4^I~15/2~(1) emission line at 18 523 cm^--1^. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c shows a zoom-in of this area that is indicated by the box in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. A weak peak is observed at 18 557 cm^--1^, at the same position as a peak for bulk NaYF~4~:Er^3+^ (0.5%), and is assigned to the ^4^S~3/2~(2)--^4^I~15/2~(1) transition. The observation of this peak could indicate reduced phonon relaxation as at 4.2 K the thermal (Boltzmann) population of a Stark level 34 cm^--1^ above the lowest level is less than 10^--5^. Clearly the observed relative intensity, approximately 65 lower than the main peak, is higher than expected based on Boltzmann statistics. To investigate if the presence is caused by laser-induced heating, the laser power was reduced. The relative intensity of the higher energy emission peak drops when the laser power is reduced from 2.4 to 0.7 mJ per pulse, corresponding to a decrease in peak intensity from 2.0 to 0.6 MW/cm^2^. The drop in relative intensity of emission lines originating from upper Stark levels of the ^4^S~3/2~ state indicates that the NCs are heated by the laser. Laser heating can be expected, especially for NCs where thermal conductivity from the NCs to the copper block involves many interparticle barriers. For the bulk sample, no emission from upper Stark levels is observed under similar measurement conditions, even at peak intensities of 2.0 MW/cm^2^. A better thermal conductivity (faster heat transfer through larger crystallites with less interparticle barriers) can explain the difference. These results indicate that no phonon bottleneck is present and that in the 10 nm NaYF~4~:Er^3+^ NCs relaxation to the lowest ^4^S~3/2~ Stark level is fast, even at 4.2 K. The pulsed excitation source can temporarily heat the sample, due to the high power during the laser pulse. For this reason, the influence of the nature of the excitation source on the optical properties of the NCs is investigated by replacing the excitation source with a continuous wave (CW) excitation source. Emission spectra of NaYF~4~:Yb^3+^(18%),Er^3+^(2%) NCs were measured at 4.2 K by exciting into the ^2^F~5/2~ level of Yb^3+^ with a 980 nm CW laser and recording the ^4^S~3/2~--^4^I~15/2~ transition of Er^3+^. The upconversion mechanism has been studied before and will not be discussed here.^[@ref36]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the emission spectra of the NCs excited with mean intensities varying from 0.4 to 2.2 W/cm^2^. The emission spectra show multiple sharp emission lines originating from the ^4^S~3/2~--^4^I~15/2~ transition of Er^3+^ and look similar to the emission spectra of bulk NaYF~4~:Er^3+^ recorded at 22 and 50 K. Emission lines positioned at 18 522, 18 455, and 18 425 cm^--1^ are ascribed to transitions from the ^4^S~3/2~(1) level to ^4^I~15/2~(*x*) levels. In addition, the emission lines at 18 493, 18 538, 18 554, and 18 574 cm^--1^ originate from transitions of upper Stark levels of the ^4^S~3/2~ state to ^4^I~15/2~(*x*) levels. The relative intensity of emission lines from upper Stark levels decreases by reducing the laser power, indicating heating of the sample by the laser. From these results, we conclude that there is no evidence for a phonon bottleneck in 10 nm NaYF~4~:Yb^3+^,Er^3+^ NCs. In the discussion below we will discuss possible explanations for the apparent differences between the present results and earlier reports on phonon bottleneck effects in Ln-doped NCs.

![Emission spectra (λ~exc~ = 980 nm with continuous wave laser) of nanocrystalline NaYF~4~:Yb^3+^,Er^3+^ showing the ^4^S~3/2~--^4^I~15/2~ transition of Er^3+^ recorded at with mean intensities varying from 0.4 to 2.2 W/cm^2^.](jp-2017-11171x_0004){#fig4}

Optical Spectroscopy of NaYF~4~:Eu^3+^ {#sec3.3}
--------------------------------------

To obtain more evidence for the role of a phonon bottleneck in Ln^3+^-doped NCs, NaYF~4~:Eu^3+^ NCs were investigated. The spacing between Stark levels in NaYF~4~:Er^3+^ is relatively large (up to ∼50 cm^--1^) while the strongest effects are expected for smaller energy gaps which are fully in the region of the acoustic phonon cutoff. The Stark levels of the ^5^D~1~ state of europium in NaYF~4~ are separated by these small energies, typically ∼10 cm^--1^.^[@ref37]^ For this reason, 10 nm NaYF~4~:Eu^3+^ NCs are ideal to obtain further insight in the presence of phonon bottleneck effects in Ln-doped NCs. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows emission spectra of bulk NaYF~4~:Eu^3+^(0.3%) recorded in the temperature range between 4.2 and 44 K while exciting into the ^5^D~2~ level of Eu^3+^ at 465.2 nm (21 496 cm^--1^) with a pulsed laser (peak intensity is 42 kW/cm^2^). The emission spectrum recorded at 4.2 K shows one emission line at 19 040 cm^--1^, which is assigned to the ^5^D~1~--^7^F~0~ transition. Again, only the lowest Stark level of the excited state is populated at 4.2 K. For this reason, the emission line originates from the ^5^D~1~(1) level to the nondegenerate ^7^F~0~ state. The emission spectra recorded at 23 and 44 K show three emission lines at 19 040, 19 050, and 19 072 cm^--1^ (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). At higher temperatures, the upper Stark levels of the excited state are populated. As a result, the three emission lines correspond to transitions from the ^5^D~1~(*x*) levels to the ^7^F~0~(1) level. The positions of these emission lines agree reasonably well with the 19 013, 19 055, and 19 076 cm^--1^ previously reported in literature.^[@ref34],[@ref37]^ The energy gap between the ^5^D~1~(1) level and the ^5^D~1~(2) and ^5^D~1~(3) levels are 10 and 32 cm^--1^, respectively, which makes this system ideal to investigate the presence of the phonon bottleneck in Ln-doped NCs.

![Emission spectra (λ~exc~ = 465.2 nm, pulsed laser) of (a) microcrystalline and (b) nanocrystalline NaYF~4~:Eu^3+^ showing the ^5^D~1~--^7^F~0~ transition recorded at various temperatures measured with a peak intensity of 42 kW/cm^2^. Part of the energy level diagram of Eu^3+^ in NaYF~4~ is shown in (b). (c) Emission spectra of NCs at 4.2 K showing the ^5^D~1~--^7^F~0~ transition recorded with excitation powers ranging from 35 to 390 μJ per pulse, corresponding to peak intensities of 7 to 83 kW/cm^2^, respectively.](jp-2017-11171x_0005){#fig5}

In order to investigate the presence of the phonon bottleneck in NaYF~4~:Eu^3+^ (0.5%) NCs, emission spectra were recorded at temperatures between 2.2 and 44 K. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows normalized emission spectra of NCs excited at 465.2 nm (21 496 cm^--1^) with a peak intensity of 42 kW/cm^2^. The emission spectra of NCs show three emission peaks positioned at 19 040, 19 050, and 19 072 cm^--1^ at temperatures higher than 4.2 K, originating from transitions of the three ^5^D~1~(*x*) levels to the ^7^F~0~(1) level. Just as for the bulk sample, the emission lines from transitions of upper Stark levels disappear when lowering the temperature to 4.2 K. As in some of the reports on phonon bottleneck effects in Ln-doped NCs the temperature was lowered even below 4.2 K, we also recorded an emission spectrum of the NCs at 2.2 K (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). A single emission line is observed at 19 040 cm^--1^ which is ascribed to the ^5^D~1~(1)--^7^F~0~(1) transition. No emission from the Stark levels 10 and 32 cm^--1^ higher in energy is observed. This indicates that there is no evidence for a phonon bottleneck in 10 nm NaYF~4~:Eu^3+^ NCs. To understand why, in spite of phonon confinement, relaxation to the lowest Stark level is faster than emission, possible relaxation mechanisms will be discussed in the next section.

The high-energy side of the ^5^D~1~(1)--^7^F~0~(1) transition shows at 4.2 K a higher emission intensity than at 2.2 K. The emission shoulder of the emission peak at 4.2 K can be assigned to the ^5^D~1~(2)--^7^F~0~(1) transition. Based on the Boltzmann distribution, the ^5^D~1~(2) level is populated by 2.7% at 4.2 K. In order to investigate the influence of heating by the excitation source on the luminescence properties of the NCs, emission spectra were recorded with various excitation powers at 4.2 K. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c shows emission spectra with excitation powers varying from 35 to 390 μJ per pulse (peak intensities of 7 to 83 kW/cm^2^). Reducing the excitation power decreases the emission intensity of the emission shoulder, indicating that also here laser-induced heating is responsible for the observation of emission from higher Stark levels. At the lowest excitation powers, no emission from upper Stark levels is observed, in spite of the small 10 cm^--1^ separation between the ^5^D~1~(1) and ^5^D~1~(2) levels for which phonon bottleneck effects could be expected based on phonon confinement in 10 nm nanocrystals.

Discussion {#sec4}
==========

Previous studies have reported the presence of a phonon bottleneck in Ln-doped NCs with sizes similar to the nanocrystals reported here.^[@ref7],[@ref14],[@ref18],[@ref19]^ In these studies a variety of NCs doped with different lanthanide dopants were studied and shown to give emission and excitation lines originating from Stark levels which would be expected not to be thermally populated at the temperature at which spectra were recorded. The cutoff energy of acoustic phonon modes depends on the size of the nanocrystals and to a lesser extent on the composition of the host material (via the mass of and bond strength between the host ions). For this reason, the difference of phonon bottleneck effects reported in previous reports and in the present study cannot be explained by the different nature of the host material. It is interesting to try and understand the origin of the difference between these and our present observations. In the experiments reported by Liu et al.^[@ref14],[@ref19]^ the nanocrystalline samples were measured in evacuated quartz cells with 1 Torr of He gas. In this configuration the connection between the nanocrystals and the coldfinger of the cryostat is characterized by a very poor thermal conductivity. Both the low gas pressure (insulating) and the quartz ampule may result in heating of the sample. The particles are in a low pressure insulation environment and not in direct contact with the coldfinger. Poor thermal conductivity through the quartz and vacuum surrounding the NCs may result in laser-induced heating. Further experimental explorations are needed to unravel the mechanism responsible for the hot emission lines in Ln-doped NCs.

The present study was aimed at observing emission from higher Stark levels. For this emission to occur, the phonon relaxation rates have to be strongly reduced from the commonly observed ∼ps range to the ∼ms range where it can compete with (parity forbidden) radiative decay from the higher Stark levels. Clearly, the factor of 10^9^ reduction in relaxation rates is extreme, and even if there is a considerable reduction in phonon relaxation rate due to the absence or low density of resonant phonon states, there still can be no observable emission from higher Stark levels. It cannot be excluded that relaxation is in fact slowed down resulting in longer dephasing times as observed in photon echo experiments, but not sufficiently slow to observe emission from these levels. There is evidence from photon echo experiments that phonon-induced dephasing is slower in nanostructures due to phonon confinement effects. The present study cannot exclude or confirm these effects as only emission spectra and no coherence lifetimes were measured. To probe an influence of phonon confinement on shorter time scales, phonon-induced relaxation processes need to be probed. The coherence time of excited states of lanthanide ions in nanocrystals can be compared with that in bulk material. Specifically, photon echo experiments to measure the temperature-dependent dephasing time of the ^5^D~1~ state of Eu^3+^ would be insightful. At low temperatures, direct processes (absorption and emission of phonons resonant with the small energy differences between the ^5^D~1~ crystal field components) are expected to dominate the dephasing of the ^5^D~1~ excited state, resulting in a longer coherence time for the ^5^D~1~ state for Eu^3+^ in nanocrystals if phonon bottleneck effects are present. Some research has been done on the homogeneous linewidth for Ln^3+^ ions in nanocrystals and suggests a larger homogeneous line width (i.e., faster dephasing) in nanocrystals, contrary to what would be expected if phonon bottleneck effects slow down direct phonon relaxation.^[@ref7]^ In a recent report no difference was found in homogeneous linewidth for bulk and nanocrystals. It is clear that further research is required to understand the role of phonon confinement on the optical properties of Ln^3+^-doped nanocrystals.^[@ref38]^

The calculations of phonon density of states for ∼10 nm nanocrystals predict a phonon cutoff around 10--20 cm^--1^ and sparse, discrete phonon modes at higher energies. It is interesting to try and understand how in the absence of resonant phonon modes relaxation between Stark levels can still take place. It is possible that as the particles are in a condensed form, contact between particles (in spite of the capping ligands) allows more extended lower energy acoustic phonon modes in connected nanoparticles.^[@ref39]^ Also, the phonon modes may not be confined to the nanocrystalline core but extend to the substrate or ligands in contact with the nanocrystals.^[@ref39],[@ref40]^ Finally, also two-phonon relaxation processes involving the absorption and emission of higher energy phonons may already occur at cryogenic temperatures despite very low phonon occupation numbers of the higher energy phonons involved. Temperature-dependent measurements of excited state coherence times of lanthanide ions in bulk and nanocrystals can provide insightful information on the relaxation mechanism.

It is expected that phonon bottleneck effects are stronger as the NCs become smaller since the cutoff energy of acoustic phonon modes shifts to higher acoustic phonon energies for smaller sizes. In the present study we investigated monodisperse nanocrystals of sizes similar to those for which phonon bottleneck effects have been previously reported. As we find no confirmation for these effects, it is interesting to investigate the presence of the phonon bottleneck in smaller NCs and in different host materials, e.g., 4 nm YVO~4~ NCs. Clearly, further research is required to confirm and quantify the role of the changes in the low energy acoustic phonon spectrum and phonon bottleneck effects at cryogenic temperatures in Ln-doped NCs.

Conclusions {#sec5}
===========

The role of the phonon bottleneck in relaxation processes for Ln-doped nanocrystals (NCs) was investigated. For this purpose, high resolution emission spectra of micro- and nanocrystalline NaYF~4~ samples doped with different Ln^3+^ ions (Ln = Er, Yb, Eu) were recorded at cryogenic temperatures with pulsed and continuous wave excitation sources operating at various excitation intensities. Emission from 10 to 55 cm^--1^ upper Stark levels is observed for Er^3+^- and Eu^3+^-doped NCs at low temperatures. However, the relative emission intensity of transitions from upper Stark levels decreases when the excitation power is reduced, and no emission from upper Stark levels is observed at the lowest excitation intensities. This indicates that the NCs are heated by the excitation source, resulting in emission from upper Stark levels. From this, we conclude that phonon bottleneck effects do not affect the emission spectra of 10 nm Ln-doped NaYF~4~ NCs and that these Ln-doped NCs have the same emission spectra as their microcrystalline analogues at low excitation powers. The absence or reduced density of states of low energy acoustic phonon modes in these NCs does not result in nonthermal equilibrium emission from closely spaced Stark levels as was previously reported. Further research into the role of phonon bottleneck effects in Ln-doped NCs is however interesting. The present study clearly indicates that measurements on phonon bottleneck effects have to be performed carefully to exclude the influence of laser-induced heating.
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